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Abstract—In this paper, a modeling technique for small-signal
stability assessment of unbalanced power systems is presented.
Since power distribution systems are inherently unbalanced,
due to its lines and loads characteristics, and the penetration of
distributed generation into these systems is increasing nowadays,
such a tool is needed in order to ensure a secure and reliable
operation of these systems. The main contribution of this paper is
the development of a phasor-based model for the study of dynamic
phenomena in unbalanced power systems. Using an assumption
on the net torque of the generator, it is possible to precisely define
an equilibrium point for the phasor model of the system, thus
enabling its linearization around this point, and, consequently,
its eigenvalue/eigenvector analysis for small-signal stability as-
sessment. The modeling technique presented here was compared
to the dynamic behavior observed in ATP simulations and the
results show that, for the generator and controller models used,
the proposed modeling approach is adequate and yields reliable
and precise results.
Index Terms—Distributed generation, power system stability,
synchronous generators, unbalanced power systems.
I. INTRODUCTION
T HE MAIN purpose of small-signal stability assessment(SSSA) of electric power systems (EPS) is the study
of electromechanical oscillations (EMO), especially poorly
damped ones, and it can also be used to assist in the design
of power system stabilizers (PSS) [1]. The main mechanism
related to underdamped EMOs is the lack of damping torque
in synchronous generators, mainly due to the high gains of fast
acting automatic voltage regulators (AVR), which are needed
in current EPS in order to maintain the system stable from the
large disturbance point of view, thus reinforcing SSSA as an
essential set of procedures for the secure operation of EPS.
SSSA is based on the fact that the perturbations studied in the
system are small in magnitude, in the sense that they do not ex-
cite significant nonlinear behaviors, thus allowing the nonlinear
dynamics of EPS to be represented by a linearized model, for
studies around an equilibrium point. It is a simplification of the
dynamic behavior providing general information to power en-
gineers which would cannot be easily retrieved from nonlinear
simulations and analyses [1]. Since SSSA started to be used in
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the bulk power transmission context, several simplifications are
often applied to this analysis, such as the consideration of a bal-
anced three-phase system, which allows the EPS to be repre-
sented by its single-phase equivalent [2], and the consideration
of a phasor-domain model for the analyzed power system. The
latter simplification is essential for the development of a linear
model with a precisely defined equilibrium point.
However, the current trend in EPS is the installation of sev-
eral new distributed generation (DG) facilities, which can be
directly connected to power distribution systems (PDS). These
new DG facilities are, in many countries (especially in Brazil,
which has a huge potential for synchronous cogeneration from
sugarcane facilities), equipped with synchronous generators [3],
[4], which can exhibit electromechanical oscillations. In fact, re-
cent studies show that these EMO can indeed be underdamped
in balanced PDS with DG [5], [6]. Since PDS cannot always be
considered a balanced three-phase system, due to its inherent
line and load unbalance, several works have analyzed the small-
signal stability of PDS with DG facilities considering unbal-
anced lines and loads [7], [8]. The conclusion was that this un-
balance can indeed affect the dynamic behavior of synchronous
generators. These studies present initial developments, which
point out that a full characterization of the unbalanced system is
needed, such as load models and terminal voltage measurement
(for voltage regulation purposes), in order to obtain an accu-
rate portrait of the dynamic behavior of synchronous generators
under unbalanced conditions.
The aforementioned studies that considered unbalanced
loads for SSSA [7], [8], however, were based on data analysis
methods, by the use of modal estimation techniques, since
SSSA phasor-domain models and tools were not (and are
currently still not) available for the analysis of unbalanced
systems. The main drawback of data analysis methods is that
they need time-domain data of the perturbed system and the
observed dynamic response relies on the choice of the partic-
ular analyzed perturbation, although they can be applied to
any system by the use of nonlinear simulations. Also, the only
information that can be obtained with such methods are mainly
the modes of the system and, thus, only information such as
damping ratios and oscillation frequencies can be estimated. If
additional information regarding mode shapes and participation
factors are needed, then a model-based analysis is needed, and
the system must be analyzed by its linearized model, normally
represented in the state-space.
In order to make SSSA feasible by the use of the linearized
state-space model, this paper presents a model-based approach
in the phasor domain for the SSSA of unbalanced power sys-
tems. The main contribution of this work is the development of
models which are suitable for analyzing the dynamic behavior
0885-8950/$31.00 © 2012 IEEE
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of unbalanced power systems, as opposed to the data analysis
methods presented in [7] and [8]. Although the main motiva-
tion and application intended for these developments are related
to DG facilities connected to distribution grids, the modeling
approach presented here can indeed be applied to any power
system, regardless of size and/or voltage level. The approach is
validated by comparing the results obtained with the proposed
model with results obtained by the use of time-domain non-
linear simulations in Alternative Transients Program (ATP) [9]
together with a modal estimation technique.
The paper is organized as follows. Section II presents a brief
theoretical background on the dynamic behavior of synchronous
generators when operating in unbalanced conditions. The pro-
posed power system modeling approach for SSSA under un-
balanced conditions is presented in Section III. In Section IV, a
case study and comparative results are shown to validate the pre-
sented modeling. The conclusions are presented in Section V.
II. UNBALANCED OPERATION OF SYNCHRONOUS GENERATORS
In synchronous generators under normal operating condi-
tions, there are two effective magnetic fields: one from the rotor
circuit and another one from the stator circuit. The interaction
between these two magnetic fields produces the electromag-
netic (or electrical) torque in the machine [10]. The contribution
from the rotor circuit corresponds to the rotating magnetic field
which is a consequence of the machine excitation system and
the prime mover action. Thus, it provides a nearly constant
amplitude component to the torque calculation, since controls
acting over the prime mover are very slow in comparison to the
studied dynamics.
The magnetic field from the stator circuit is related to the ar-
mature reaction, and it is a field which is originated from the
phase currents flowing in the armature circuits of the machine.
Under balanced conditions, these currents will have the same
amplitude and will be out of phase by 120 , thus producing a
rotating magnetic field which is constant in amplitude, since the
machines are symmetrically constructed. Hence, the interaction
between both magnetic fields, which are constant in amplitude,
will produce a constant electrical torque component. Under un-
balanced conditions, however, the armature currents may not
have the same amplitude and may not be 120 out-of-phase.
This current imbalance produces a rotating magnetic field which
varies with time even during one period of rotation of the ma-
chine. Hence, the torque component in this case is not con-
stant, even under steady-state conditions, exhibiting an oscilla-
tory behavior. Mathematically, this can be viewed by analyzing
the electrical torque in a synchronous machine in phase coordi-
nates [11]:
(1)
where denotes flux linkage, denotes current, and the sub-
scripts , and denote the phase related to the variable. Also,
the time-domain notation was removed from (1) for simplicity.
From (1), it is possible to see that if there is a current imbalance,
then will present a sinusoidal behavior, since in this case
the phasors , and will have different am-
plitudes and its angle differences will be different. On the other
hand, if the currents are balanced, an ideally constant value is
obtained, since these phasors will have the same amplitude and
tha same angle differences (120 ).
The main effect of this time-varying torque can be observed
by analyzing (1) in conjunction with the swing equation of syn-
chronous machines [1]:
(2)
where refers to a synchronous generator connected to bus and
angular velocity of the machine [rad];
synchronous velocity of the machine [rad];
inertia constant of the machine [s];
machine damping [pu];
mechanical torque applied to the machine [pu].
Since is dictated by the prime mover, it can be considered as
a constant, whereas is not constant in steady-state in unbal-
anced conditions, as observed from the analysis of (1). Thus, the
angular velocity of a synchronous generator under unbalanced
conditions also varies with time. This effect was observed in
several practical cases, as reported in the literature [8], [10].
The aforementioned behavior is not directly compatible with
phasor-domain models, since in these models the dynamics
within one cycle of the fundamental frequency are not sig-
nificant and can be neglected, which is not the case in the
unbalanced operation of synchronous machines. The main
problem under these conditions is the fact that it is impossible
to define an equilibrium point for the model, since one of
the state-variables of the model (i.e., ) varies with time in
steady-state, thus not allowing the model to be studied by the
use of standard linearization techniques. This is why the unbal-
anced operation of synchronous machines is normally studied
by the use of time-domain simulations, through nonlinear simu-
lations [10]–[14]. Important results were actually obtained from
time-domain analysis of unbalanced synchronous generators.
While analyzing asymmetrical faults, for example, in [11], it is
shown that the varying torque is actually a combined series of
odd and even harmonics of the fundamental component of the
system, and also that the subtransient saliency of the machine
increases the effect of these harmonics in the electrical torque
component of the machine.
During the 1980s, however, simplified models of syn-
chronous machines were developed for the dynamic study of
unbalanced power systems [1], [15]–[17]. These simplified
models actually neglect the harmonic components in the be-
havior of the machine, thus representing only the fundamental
frequency component of the machine behavior. Then, the
torque can be decomposed in a positive-sequence torque and
a negative-sequence torque, according to the currents that
produce it. The negative-sequence torque component thus
corresponds to a torque that is generated by a magnetic field
which rotates in opposition to the magnetic field produced by
positive-sequence currents. The effect of the negative-sequence
torque is to produce iron core losses in the machine. The result
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is a model that has a torque which does not vary with time,
thus allowing a phasor-domain representation of the system,
and resulting in a model that can actually be linearized around
a precisely defined equilibrium point. These models were
validated in the 1980s for transient stability analysis through
nonlinear simulations in the phasor-domain [1], [15]–[17],
considering balanced power systems with asymmetrical faults.
To the knowledge of the authors, however, no studies have
been done so far to validate these models for systems with un-
balanced loads or for SSSA. The representation of the system
in [1] and [15]–[17] used sequence components, which is usual
for the analysis of balanced systems with asymmetrical faults,
but not so common for systems with unbalanced lines and/or
loads, such as PDS. The idea in this paper is to use these models
with a detailed representation of the system unbalance in order
to define a dynamic model for unbalanced systems, suitable for
SSSA, as will be presented in the following section.
III. POWER SYSTEM MODELING
Asmentioned in the previous sections, this paper proposes the
use of a power system model in the phasor-domain for SSSA of
unbalanced power systems. In this model, the synchronous gen-
erators are represented by the aforementioned simplified gen-
erator models [1], [15]–[17]. The network, however, is mod-
eled in the abc reference frame, in contrast to the models used
in the 1980s, which were developed in sequence components
( reference frame). The main reason for this choice is that
the reference frame is more natural for unbalanced distri-
bution systems, which the authors find to be the main niche for
applications of SSSA in unbalanced systems. Moreover, in the
reference frame, the nature of loads can be represented with
more accuracy and easiness, which is another advantage of this
representation.
Since the simplified generator model used in this modeling
approach was developed in sequence components, it has vari-
ables in this reference frame [1], [15]–[17]. Therefore, in order
to generate a compatible set of equations, these variables were
written as functions of reference frame variables. As a re-
sult, the algebraic equations of the model are all in the ref-
erence frame.
Basically, the full power system dynamic model, given by its
differential algebraic equations (DAE), is composed by differ-
ential equations of generators (electrical and mechanical parts)
and its controls (voltage and speed regulation), and by algebraic
equations from the generator, its controls, and the network. The
detailed modeling of each equipment is presented in the fol-
lowing subsections.
A. Synchronous Generators Model
In the proposed approach, synchronous generators are repre-
sented by a simplified model [1], [15]–[17], whose dynamics
is separated into its respective sequence components. Each se-
quence circuit is isolated from each other in the machine model,
due to the constructive characteristics of the machine. The se-
quence components variables, however, are all directly written
in terms of phase components, in order to adequate it to the pre-
sentation of lines and loads, which are all written in phase com-
ponents.
Basically, the positive sequence circuit is represented by
the electrical equations of traditional synchronous generator
models. This representation is a consequence of the fact that
the traditional electrical parameters (e.g., , and ) of
synchronous generators were actually conceived considering
only positive sequence operation of the generator, among with
all other facts mentioned on Section II. Since negative and
zero-sequence currents and voltages are a consequence of an
unbalanced operation of the system, i.e., no power generation
actually occurs in these circuits, these circuits are represented
only by its respective constant impedances. However, consid-
ering that negative sequence currents produce a net torque in the
generator that is different from zero in unbalanced situations,
this circuit contributes with iron core losses in the machine
[1]. Hence, a contribution from the negative sequence torque
is included in the mechanical equations of the generator. The
zero sequence currents, due to the constructive characteristics
of synchronous machines, do not produce an effective torque
in the machine, and thus is not included in the mechanical
equations of the machine.
In this paper, the generator was represented by its sixth-order
model, which includes the dynamics of damper circuits in both
direct and quadrature axis. The detailed modeling of each se-
quence circuit and the mechanical part of the machine are pre-
sented in following.
1) Positive Sequence Circuit: The differential equations of
the positive sequence circuit are
(3)
(4)
(5)
(6)
where the subscript refers to the generator connected at bus ,
and
equivalent direct and quadrature axis transient
voltages [pu];
flux linkages of direct and quadrature axis dampers
[pu];
direct and quadrature axis open circuit transient
time constants [s];
direct and quadrature axis open circuit subtransient
time constants [s];
direct and quadrature axis synchronous reactances
[pu];
direct and quadrature axis transient reactances [pu];
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direct and quadrature axis subtransient reactances
[pu];
leakage reactance [pu];
direct and quadrature axis currents [pu];
equivalent field voltage [pu].
The algebraic equations of the positive sequence circuits are
(7)
(8)
(9)
(10)
where
Also, the subscripts and denote, respectively, the real and
imaginary parts of the variables, and
voltage magnitude of bus , phase [pu];
voltage angle of bus , phase [pu];
rotor angular position [rad];
stator resistance [pu];
real and imaginary parts of the stator current in of
generator [pu].
Also, the superscript denotes the phase ( , or ) or the se-
quence ( for zero, for positive, or for negative) related to
the variable.
It should be noted that the positive sequence circuit of the ma-
chine is obtained from the traditional electrical equations of the
machine, with the difference that the voltages and currents only
refer to the positive sequence of the machine. Hence, and
are obtained from the positive sequence terminal voltage of
the machine, considering the stator currents, and , which
are obtained from the positive sequence contribution of the ma-
chine terminal current, and not its total current, as in the tradi-
tional balanced model [2].
2) Negative Sequence Circuit: The negative sequence cir-
cuit is represented by a pure impedance connected between bus
, which is the bus that the machine is connected to, and the
ground. Its algebraic equations are
(11)
(12)
where
and
negative sequence resistance [pu];
negative sequence reactance [pu].
3) Zero Sequence Circuit: The zero sequence circuit is also
represented by a pure impedance connected between bus and
the ground. Its algebraic equations are
(13)
(14)
where
and
zero sequence resistance [pu];
zero sequence reactance [pu];
grounding resistance [pu];
grounding reactance [pu].
4) Mechanical Equations: The mechanical part of the gen-
erators is represented by its swing equation. As mentioned in
the previous sections and presented in [1], [15], and [17], in un-
balanced systems the electrical torque is the sum of the positive
and negative sequence torques, which represent the injected ac-
tive power and the losses due to the negative sequence torque.
Thus, an additional term is included in the traditional equations
for balanced system, yielding
(15)
(16)
where is the rotor resistance [1] and
the other variables were already defined in this section and in
Section II.
B. Network Equations
In the proposed approach, the network is modeled consid-
ering the three-phase load flow equations in phase coordinates,
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which can be developed from the three-phase models of lines
and loads [18]. The network equations consist of algebraic re-
strictions, written in terms of active and reactive power balance
in each bus of the system, and for each phase of the system.
Thus, each bus of the system has six algebraic restrictions re-
lated to the network (three for active power and three for reac-
tive power). The restrictions are different for loads and genera-
tion buses, and are presented in the following.
1) Generation Buses: By formulating the power balance in
the aforementionedway, it is possible to show that, in generation
bus , for each phase the following restrictions
apply for active and reactive power, respectively:
(17)
(18)
where , and and represent the
active and reactive power loads at bus , written as a function
of if needed (i.e., a ZIP model can be used). Also,
represents the magnitude of the line admittance that connects
bus to bus , between phases and , and is its respective
angle. In other words, is the element in the position
of .
2) Load Buses: Similarly, for load buses the following re-
strictions apply for active and reactive power, respectively:
(19)
(20)
The previously defined notations also apply here.
C. Control System Models
For simplicity, in the proposed approach, specific controller
models for voltage regulator and speed governor were used in
order to validate the whole power system model. However, the
previous modeling subsections are general enough to be used in
conjunctions with the vast majority of standard control device
models that are typically used for SSSA. The representation of
these controllers are as follows.
1) Voltage Regulation: The AVR used in this work is a stan-
dard first order fast acting model [19], whose dynamics is rep-
resented by
(21)
where is the AVR time constant [s], represents its gain
[pu], is the supplementary signal (for damping enhance-
ment purposes, if needed), and denotes the AVR voltage
reference. As stated in [7], the type of voltage feedback em-
ployed in the excitation system indeed affects, sometimes sig-
nificantly, the dynamic behavior of the system. The proposed
model allows the definition of any type of as a function of
, and , and also their angles, since these are algebraic
variables of the model. However, as stated in [7], a fairly real-
istic type of voltage feedback can be represented by the average
value of the phase voltages, since it models the implementation
of a three-phase rectifier plus additional filtering circuitry. Thus,
in this paper, is defined as .
2) Speed Governor/Turbine Model: The speed governor/tur-
bine model used in this work, the TGOV1 model [20], is a sim-
plified representation of the existing speed regulation loops in
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thermal facilities, which are typical in the most common appli-
cations of DG with synchronous machines in Brazil. The equa-
tions representing this model are
(22)
(23)
(24)
where and are the state variables, and are
time constants in [s], is the steady-state characteristic of the
load versus the turbine-regulator set in [pu], is the control
reference in [pu], and denotes the turbine damping factor in
[pu]. More details on the physical significance of these variables
and parameters can be found in [20].
D. Full Power System Model
The full power system model proposed in this work can be
described by a combination of (3)–(24), yielding a nonlinear
differential-algebraic model, whose state vector is equal to
, where is the total number of genera-
tors (connected to the first buses) and
On the other hand, the algebraic variables of this model are
, where
The nonlinear differential-algebraic model can then be repre-
sented by
(25)
(26)
where is the input vector of the
system.
E. Linearized Model
For SSSA studies, (25) and (26) should be linearized around
an equilibrium point. In this paper, this procedure was per-
formed by a Taylor series expansion, neglecting the terms in
and with a power greater than 2 [1]. The linearized
equations will not be presented in this paper, due to space
limitation, but they can be thoroughly derived using truncated
series expansion, as mentioned.
Fig. 1. One-line diagram of the studied system.
After the linearization procedure is carried out, the set of lin-
earized equations takes the following form:
(27)
(28)
(29)
(30)
where
and refers to difference with respect to the equilibrium point.
Also, the respective subscript denotes the bus related to the vari-
ables. By a substitution process, (27)–(30) results in
(31)
where , with
which is the final proposed model for SSSA studies in unbal-
anced power systems in this paper.1
IV. CASE STUDY AND RESULTS
In this section, the model developed in Section III is utilized
in a case study and its comparative results to modal character-
istics extraction from ATP simulations are presented, including
implementation details.
A. Studied System
The studied system is a simplified version of a real PDS from
Brazil [6]. The simplification consists in the aggregation of all
loads and laterals into a single node of the system, resulting in a
single-machine versus infinite bus model with an intermediate
load. The one-line diagram of the system is presented in Fig. 1.
1For damping control purposes, one may also define an output equation (e.g.,
), but this is not the focus of this paper and, for this reason, this
will not be further discussed.
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In this system, the three-phase power injected by the generator is
equal to 5 MW. The three-phase load, , is equal to 6 MVA,
with an inductive power factor of 0.9729, and is modeled as
a constant impedance. The lines are represented by impedance
matrices, given in [pu] by
and .
The generator and its control parameters are (
MVA): s, pu, pu,
pu, pu, pu, pu,
pu, s, s, s, s,
pu, pu, s,
pu, s, s, s, and
pu. The negative sequence impedance was then calculated from
the standard generator parameters [9, Appendix VI], resulting
in .
B. Studied Scenario With Unbalanced Load
The SSSA of the aforementioned system was performed
using the model described in Section III, which yields the
eigenvalues of the linearized model of the system (calculated
from matrix in the open-loop case), from which the
damping ratio and frequency of the oscillatory modes can be
calculated, including EMO. The obtained results were then
compared to the ones observed on ATP [9]. ATP has the capa-
bility of performing nonlinear simulations in the time-domain,
thus representing in detail each component of the system. Also,
it has the capability of performing dynamic simulations in
unbalanced power systems with high precision [21]. There-
fore, to obtain the damping ratio and the frequency of the
electromechanical modes from the time-domain results of the
nonlinear simulations, the framework described in [22] was
used.
The aforementioned framework mainly consists on the ap-
plication of a modal estimation technique, called ESPRIT (Esti-
mation of Signal Parameters through Rotational Invariant Tech-
niques) method [22]–[25]. This method employs sinusoidal (or
harmonic) models and estimates the frequencies and powers of
the harmonics. It is a signal-subspace-based method that con-
siders the generalized eigenvalue problem in the signal subspace
and exploits the rational property of the signal.With this method
it is possible to obtain the parameters of a damped sinusoid, from
which the eigenvalues related to electromechanical oscillations
are estimated. Further details on this method and the complete
framework used are presented in [22].
Regarding the analyzed cases, a load unbalance factor, , was
defined and used to perform several load variations. This factor
represents a degree of load apparent power variation in two
phases, maintaining the same load apparent power in the other
phase. The variation in one of the two modified phases is incre-
mental, whereas in the other one it is decremental, thus keeping
the three-phase load power constant in all cases. The calculation
of the new apparent power of the modified loads is done by
where , , and are, respectively, the apparent power of
the incremented load, decremented load and unmodified load.
The load variation also has an associated pair of phases, (e.g.,
AB), where the first phase denotes the incremented load (i.e.,
with ) and the second phase denotes the decremented one
(i.e., with ). The remaining phase is the one whose load is
kept constant (i.e., with ).
The following parametric variations were then performed:
• %
• AB, AC, BA, BC, CA, CB.
C. Implementation Details for the Unbalanced Cases
The SSSA program based on the proposed model was im-
plemented as a Matlab® script, as well as the modal estimation
technique used to estimate the modes from ATP simulations.
With respect to ATP simulations, the simulated perturbations
were non-permanent three-phase faults with high impedance
and short duration, in such a way that these faults can actually
be viewed as small perturbations. The faults are extinguished
naturally, without the need for protective relaying actions and,
thus, the system models before and after the fault were actually
the same.
Since the proposed models are simplified versions of the
models included in ATP, a procedure was applied to ensure that
the equilibrium conditions coincide satisfactorily in both frame-
works. Initially, the proposed model in its nonlinear form was
simulated until the desired equilibrium was reached (regarding
injected power by the generator and its terminal voltage).
The equilibrium condition was then passed to ATP through
its LOAD FLOW procedure for each simulation. The result
was a very similar steady-state condition when comparing
the proposed model and the ATP simulation. Around these
equilibrium conditions, the proposed model was linearized and
the perturbation was applied in ATP. The obtained results are
presented in the following subsection.
D. Results for the Unbalanced Scenario
The results are presented in Table I, which shows the fre-
quency and damping ratios for the electromechanical
mode calculated in each studied case. Also, NSI stands for the
negative sequence imbalance, which is the relation between the
negative sequence voltage and the positive sequence voltage at
the terminal bus of the machine, calculated at the equilibrium
point in the proposed model.
First, it is interesting to look at and for the balanced case,
which is when %. In this case, it is possible to see a
slight discrepancy between the results from ATP and the pro-
posed model. This discrepancy is perfectly acceptable, consid-
ering that the models are actually different, since the proposed
model is in the phasor domain and ATP solves the system in the
time-domain. Hence, this difference can be neglected.
It is also worth noticing that the tendency of and , as the
unbalance increases for each , is the same in both frameworks.
As increases, the observed behavior was a decrease in and an
increase in of the electromechanical oscillations, as was also
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TABLE I
CALCULATED DYNAMIC CHARACTERISTIC FROM THE PROPOSED LINEARIZED MODEL AND FROM THE NONLINEAR SIMULATIONS IN ATP
observed in previous publications [7]. Also, one should note
that and in relation to was also very similar in both
models: for ATP, the frequency variation was 0.05 Hz and the
damping ratio variation was of 0.13%, whereas for the proposed
model, the frequency variation was 0.04 Hz and the damping
ratio variation was of 0.11%. It is worth mentioning that the
authors have stopped increasing when a variation of 0.1% in
was found, and that even higher damping variations can be
obtained if is continued to be increased, as shown in [7].
Regarding computational effort, the advantages of the pro-
posed method in relation to the modal estimation technique pre-
sented in [22] are quite clear. In the proposed method, after the
initial conditions of the model are calculated, the only compu-
tational effort required is to build matrix and calculate its
eigenvalues/eigenvectors. On the other hand, the modal estima-
tion approach presented in [22] requires, at first, performing a
full nonlinear simulation with a duration of several seconds (in
order to guarantee that the electromechanical oscillation can be
observed). Only after that, the application of the modal estima-
tion technique can be effectively carried out, and this applica-
tion requires the analysis of the full set of data obtained from
the nonlinear simulation. This data analysis, by itself, is already
more time consuming than the complete process of building
matrix and computing its eigenvalue/eigenvector pairs,
since the amount of data to be analyzed is high. This amount
of data is a function of the simulation time span and the simu-
lation time step and usually presents an order of thousands of
points. The ESPRIT method, which is proposed in [22], for ex-
ample, requires a matrix inversion, and the order of this ma-
trix is equal to the length of the analyzed signal. This matrix
is also full (i.e., non-sparse), and hence, the inversion of this
matrix is clearly much more time consuming and requires a
significantly higher computational effort when compared to the
proposed model-based approach for the analysis of unbalanced
systems.
Another advantage of the proposed method in relation to [22]
is that the complete set of eigenvalue/eigenvector pairs can be
retrieved from the linearized model of the system, ensuring that
all the electromechanical oscillations can be obtained at once.
On the other hand, modal estimation techniques can only re-
trieve estimates of the modes that are observable in the data set
used for the estimation process. Hence, with these techniques,
it is not possible to guarantee that all electromechanical modes
can be retrieved from a single nonlinear simulation. Hence, the
proposed approach is clearly more efficient than the one in [22]
and presents more detailed results that could be of interest for
the operation and control of unbalanced power systems.
Regarding the applicability of the proposed method, the com-
plete eigenvalue/eigenvector analysis provided by the method
could be used for PSS design in unbalanced power systems.
Although recent studies suggest that the oscillation frequency
does not vary significantly with the increase in load imbalance,
the damping ratio of the electromechanical modes can be sig-
nificantly modified by load imbalance [7]. Hence, for PSS de-
signs with very tight specifications (e.g., with a target damping
ratio of 5% and constraints on the magnitude of the PSS output
signal), load imbalance could interfere with the design results.
Therefore, the proposed approach can be used to refine the PSS
tuning in systems with a high level of load imbalance.
V. CONCLUSION
In this paper, a phasor model which is suitable for SSSA
of unbalanced power systems was proposed. Its main contri-
bution is to enable the application of a model-based SSSA in
unbalanced systems. With the proposed approach, there is no
need to apply a modal extraction technique over the results of
a time-domain simulation or over-sampled measurements from
the system response. Therefore, some of the drawbacks that are
inherent to modal extraction techniques (e.g., imprecisions in
the calculations of frequencies and damping ratios introduced
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by noisy measurements and/or nonlinear behaviors) can be
avoided, so the proposed SSSA may provide more precise
results in the presence of noise, for example.
The developed model was validated with results obtained via
ATP (with no superimposed noise over the time-domain results
and with carefully chosen small perturbations), thus providing
a reliable basis of comparison for validation of the proposed
model. By comparing these two approaches and their corre-
sponding results, it is possible to conclude that the simplifica-
tions of the proposed model (which are mainly related to ne-
glecting harmonic phenomena) are adequate for SSSA, consid-
ering the generator and controller models used.
Although the foundations for this model-based approach to
SSSA have been laid down in this paper, further research by
the authors is being carried out to refine the approach, so re-
sults can also be obtained for different representations of the
system equipment. This research includes the validation of other
generator models (such as the the classical model, the one- and
two-axis models, and more detailed models with flux linkage
variables) and improvements on the procedure for the determi-
nation of the approximate equilibrium point of the model.
The use of this approach to study the behavior of DSG with a
power factor controller superimposed to the AVR is also a topic
currently under study. However, the long-term plan for this re-
search focuses on the application of the developed approach
to the SSSA of microgrids, given that it is well-known that
these isolated grids might be much more susceptible to stability
problems than distribution networks connected to bulk power
systems through a substation. Also, the proposed model-based
SSSA approach provides sufficient information for the efficient
design of PSS controllers, through eigenvalue/eigenvector anal-
ysis, and this is also an ongoing research by the authors.
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